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Abstract Phenylalanine aminopeptidase (Phe-AP) was
isolated from the shoots of 3-week-old pea plants and
purified to molecular homogeneity using a four-step puri-
fication procedure (ammonium sulphate precipitation,
chromatography on DEAE-cellulose, phenyl-sepharose
HP, and Protein-Pak Q 8HR HPLC columns). The enzyme
was purified 513-fold with a recovery of 8%. The molec-
ular weight of the purified enzyme as determined by SDS-
PAGE and gel filtration was approximately 60 kDa, and
the enzyme appeared to be a monomer. Its pH and tem-
perature optimum were pH 7.5 and 37C, respectively. The
enzyme prefers substrates with Phe at the N-terminus,
although a high activity for substrates with N-terminal Tyr,
Trp, Leu, and Met was also observed. The activity with
Leu-b-naphthylamide was at least two times lower than
that with Phe-b-naphthylamide (Phe-b-NA). The Km value
for activity with Phe-b-NA was the lowest amongst the
substrates tested, and it was 7.5 9 10-5 M. The activity of
Phe-AP was not inhibited by EDTA, 1,10-phenanthroline
and pepstatin A. The most effective inhibitors were pHMB
and E-64, which modify sulphydryl groups; however, a
significant inhibition in the presence of DFP and PMSF,
both of which are serine protease inhibitors, was also
observed. By applying mass spectrometry analysis, the
peptides derived from the purified Phe-AP were assigned to
amino acid sequences of the leucine aminopeptidases of
N-type (LAPs-N).
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Introduction
Aminopeptidases (EC 3.4.11) are exopeptidases that cata-
lyse the cleavage of N-terminal amino acids from proteins
or peptides (Walling and Gu 1996). They constitute a
diverse set of enzymes with important roles in the main-
tenance of cell homeostasis, growth, development, and
defensive responses. Some of the aminopeptidases partic-
ipate in general protein turnover, maturation of proteins,
activation and inactivation of some regulatory molecules,
mobilisation of storage proteins, and mobilisation of
carbon and nitrogen reserves from senescing organs, whilst
the biological functions of others has not yet been eluci-
dated (Matsui et al. 2006; Walling 2006; Walling and Gu
1996).
Leucine aminopeptidases (LAP, EC 3.4.11.1) are the
largest and most studied group of aminopeptidases in
animals and microorganisms. Their nucleotide sequences
and X-ray crystal structures have been discovered, and key
residues for catalysis have been identified (Burley et al.
1990; Matsui et al. 2006; Rawlings et al. 2010; Taylor
1993; Walling and Gu 1996). These enzymes have also
been observed in certain plant species; they have been
identified and characterised in barley (Sopanen and Mikola
1975), Arabidopsis (Bartling and Weiler 1992; Bartling
and Nosek 1994), potato (Herbers et al. 1994), and tomato
(Gu et al. 1996, 1999; Gu and Walling 2000; Tu et al.
2003). They are oligomeric enzymes with molecular mas-
ses of over 250 kDa, comprised mainly of six identical
subunits, and function optimally at alkaline pH (Bartling
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and Nosek 1994; Gu et al. 1999; Tu et al. 2003). LAPs are
thermally stable proteins, and their activity depends on the
presence of metal ions, which places them within the M17
peptidase family (Matsui et al. 2006; Rawlings et al. 2010;
Walling 2006). Two types of LAP protomers have been
identified in tomato, i.e., LAP-N (neutral pI) and LAP-A
(acidic pI) (Gu et al. 1996). Subsequently, the LAP-N and
LAP-A proteins were overexpressed in E. coli and char-
acterised (Gu et al. 1999; Tu et al. 2003). The multimeric
LAP-A preferentially hydrolyses substrates with Leu, Met,
and Arg at the N-terminus, whereas LAP-N also cleaves
N-terminal Phe in a very efficient manner (Gu et al. 1999;
Tu et al. 2003). Despite the high degree of identity
(approximately 73–77%) between the nucleotide and
amino acid sequences of these protomers, they are char-
acterised by different expression profiles. LAP-N-like
proteins are present in all plant species examined, whilst
LAPs-A have so far been shown to exist in only the sola-
naceous plants tomato and potato (Chao et al. 2000). Fur-
thermore, LapN genes are expressed constitutively in all
studied organs (Bartling and Nosek 1994; Chao et al. 2000;
Tu et al. 2003), whereas the expression of LapA genes is
induced during mechanical injury and in response to
abscisic acid and jasmonic acid (Fowler et al. 2009; Gu
et al. 1996; Herbers et al. 1994). By comparison of amino
acid sequences of the known LAPs, 28 signature residues
were identified (Tu et al. 2003) that make it possible to
classify LAP proteins as LAP-N or LAP-A-like.
In plants, there exists a larger and more ubiquitously
expressed group of aminopeptidases than the oligomeric
LAPs described above. These are monomeric enzymes
with molecular weights ranging from 40 to 80 kDa and a
neutral pH optimum that preferentially cleave hydrophobic
and other neutral amino acids from the N-terminus of the
substrate (Walling and Gu 1996). Their activity is inhibited
by heavy metals and reagents specific to SH groups.
Amongst these enzymes, a group of aminopeptidases that
show a striking preference for substrates with N-terminal
aromatic amino acids, mainly phenylalanine, ought to be
distinguished. Aromatic aminopeptidases are characterised
by low Km values against substrates with Phe, Trp, or Tyr
(but mainly Phe) at the N-terminus, a considerable but
significantly lower activity against Leu or Met, and little or
undetectable activity against Gly, Ala, Glu, Arg, or Lys
(Kang et al. 1999; Kolehmainen and Mikola 1971; Tishi-
nov et al. 2009; Vodkin and Scandalios 1980; Waters and
Dalling 1984; Wynn and Murray 1985; Yamaoka et al.
1994). Most of these enzymes are also partially inhibited
by serine protease inhibitors, and their activities remain
unchanged in the presence of metal chelators (Kang et al.
1999; Ogiwara et al. 2005; Tishinov et al. 2009; Yamaoka
et al. 1994). There is no sequence (amino acid or nucleo-
tide) or crystallographic data available for any of the
members of this thiol-dependent group of plant amino-
peptidases, which considerably hinders the establishment
of their phylogenetic relations with other proteins and their
proper classification. Some authors consider the enzymes
to be leucine aminopeptidases, based on their ability to
hydrolyse substrates with N-terminal Leu (Collier and
Murray 1977; Ogiwara et al. 2005); however, these
proteins are vastly different in terms of structure, sensi-
tivity to inhibitors, and catalytic properties.
Here, we report the purification and biochemical charac-
terisation of an aromatic aminopeptidase (Phe-AP), which
prefers substrates with N-terminal Phe, from the shoots of
3-week-old pea plants. This aminopeptidase has all the fea-
tures characteristic of the as yet unclassified, and in the
majority of cases still incompletely characterised, aromatic
aminopeptidases, which makes it an appropriate represen-
tative of this enzyme group. Despite the differences in
catalytic properties between leucine and aromatic amino-
peptidases, the Phe-AP peptides were assigned to amino
acid sequences of the leucine aminopeptidases of N-type
(LAPs-N) as obtained by mass spectrometry analysis.
Materials and methods
Plant material
Seeds of Pisum sativum L. (cv. Little Marvel) were
germinated in moist vermiculite for 12 days, and the
seedlings were transferred to containers filled with aerated
half-strength Hoagland nutrient solution (Hoagland and
Arnon 1938). The seedlings were grown in a growth
chamber with temperatures of 22C during the daytime and
18C during the night, a 16-h photoperiod, 80% relative
humidity, and a midday photosynthetic photon flux density
of about 400 lE m-2s-1. Shoots of 3-week-old plants were
harvested and stored at -80C prior to extraction.
Enzyme extraction and purification
All steps of enzyme extraction and purification were per-
formed at 4C. Shoots of pea plants (30 g) were ground in
90 mL of ice-cold extraction buffer (50 mM Tris–HCl buf-
fer, pH 7.5 containing 2 mM 2-mercaptoethanol). The
homogenate was filtered through two layers of miracloth,
and centrifuged for 30 min at 20,0009g. The resulting
supernatant was brought to 30% saturation with ammonium
sulphate and centrifuged for 30 min at 20,0009g. The pre-
cipitate was removed and ammonium sulphate was added to
the supernatant to reach 60% saturation. The precipitate was
collected by centrifugation, resuspended in 5 mL of buffer A
(10 mM Tris–HCl buffer, pH 7.5 containing 2 mM
2-mercaptoethanol), and dialysed overnight against the same
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buffer. The desalted samples was then concentrated with
an Amicon (Millipore Corporation, Bedford, USA) ultrafil-
tration cell using a PM 10 membrane and loaded onto a
DEAE-cellulose anion-exchange column (2.6 9 30 cm)
equilibrated with buffer A. The column was washed with
buffer A, and the bound proteins were eluted with a linear
gradient of 0 to 0.4 M NaCl at a flow rate of 1 mL 9 min-1.
The fractions that were active against Phe-b-NA were
pooled, concentrated by ultrafiltration, and applied to a
phenyl-sepharose HP (1.5 9 14 cm) column equilibrated
with buffer A containing 2 M ammonium sulphate (buffer
B). The column was washed with buffer B, and the bound
proteins were eluted with a linear gradient of 2–0 M
ammonium sulphate at a flow rate of 1 mL 9 min-1. The
fractions that were active against Phe-b-NA were pooled,
concentrated by ultrafiltration, and fractionated by HPLC on
a Protein-Pak Q 8HR anion-exchange column (Waters,
Milford, USA) equilibrated with buffer A. The bound pro-
teins were eluted with a linear gradient of 0–0.25 M NaCl.
Aminopeptidase activity assay
Enzyme activity was determined according to the method
of Kolehmainen and Mikola (1971) using amino acid-
b-naphthylamides (b-NA) or amino acid-p-nitroanilides
(p-NA) as substrates. In the routine assay, the reaction was
carried out in 0.5 mL of 50 mM Tris–HCl buffer (pH 7.5)
containing 1 mM substrate for 30 min at 37C. Released
b-naphthylamine was coupled to Fast Garnet GBC at pH
4.2, and the absorbance at 525 nm was measured. One unit
of enzyme activity was defined as the release of 1 lmol of
free b-naphthylamine in 1 min.
Native PAGE and activity staining
Polyacrylamide gel electrophoresis (PAGE) was performed
under non-denaturing conditions in 7.0% polyacrylamide
gels according to the method of Laemmli (1970) in the
absence of SDS. After electrophoresis, the gels were
incubated for 40 min at 37C in 50 mM Tris–HCl buffer
(pH 7.5) containing 5 mM Phe-b-NA and stained with
0.1% w/v Fast Garnet GBC dissolved in 1 M sodium
acetate (pH 4.2; Kolehmainen and Mikola 1971).
Molecular mass estimation
The molecular weight of the native enzyme was deter-
mined by gel filtration on a Sephadex G-200 column
(2.6 9 100 cm) equilibrated with 50 mM Tris–HCl buffer
(pH 7.5) containing 2 mM 2-mercaptoethanol. The column
was calibrated with bovine serum albumin (66 kDa),
ovalbumin (45 kDa), carbonic anhydrase (31 kDa), and
cytochrome c (12 kDa) as molecular weight standards. The
eluted fractions were assayed for enzyme activity using
Phe-b-NA as a substrate.
The molecular weight was also estimated under dena-
turing conditions by sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE), which was carried
out according to the procedure of Laemmli (1970) in 12%
polyacrylamide slab gels. Proteins in the gel were stained
with the colloidal Coomassie stain Roti Blue (Carl Roth,
Germany).
Determination of protein concentration
Total soluble protein concentration was determined using the
method of Bradford (1976) with bovine serum albumin as a
standard. Protein content throughout the purification proce-
dure was monitored spectrophotometrically at 280 nm.
Michaelis–Menten constant determination
The Km values for Phe-AP (AP1) against Phe-b-NA, Leu-
b-NA, Tyr-b-NA, and Trp-b-NA were calculated accord-
ing to the standard Lineweaver–Burk (1934) procedure.
The substrate concentrations used were in the range from
0.015 to 1.5 mM. Standard deviation was \7% of the
corresponding mean value in all cases.
Mass spectrometry analysis
Identification of the peptides derived from the purified
Phe-AP (AP1) protein was determined by LC–MS/MS
(liquid chromatography-tandem mass spectrometry) at the
Mass Spectrometry Laboratory, The Institute of Biochem-
istry and Biophysics, Warsaw, Poland. In brief, a protein
sample previously digested using trypsin was separated on a
nanoAcquity UPLC (Ultra Performance LC) system and
analysed with an Orbitrap-based mass spectrometer.
Results
Enzyme purification
Phenylalanine aminopeptidase (Phe-AP) was isolated from
shoots of 3-week-old pea plants and purified to apparent
homogeneity by a four-step purification procedure
(ammonium sulphate precipitation, anion-exchange chro-
matography, hydrophobic chromatography, and high-per-
formance anion-exchange chromatography). The results of
the purification procedure are summarised in Table 1. The
applied procedure resulted in a 513-fold purified enzyme
preparation with a recovery of 8%. Anion-exchange chro-
matography on a DEAE-cellulose and on a Protein-Pak Q
8HR (HPLC) column appeared to be the most effective
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steps of the purification, which separated pea aminopepti-
dases from the bulk of the shoot proteins and resulted in a
8.7- and 9-fold purification of the enzyme preparation,
respectively.
Only the last step of enzyme purification (performed on
a Protein-Pak Q 8HR column) separated Phe-AP (AP1), an
aminopeptidase with the highest preferences for Phe-b-NA,
from AP2, an aminopeptidase with broad substrate speci-
ficity (Fig. 1). AP2 accepted as substrate not only Phe-
b-NA, Tyr-b-NA, and Leu-b-NA but also Ala-b-NA and
Arg-b-NA. Native PAGE of the final Phe-AP preparation
and subsequent staining with Phe-b-NA as substrate
revealed one activity band corresponding to a single
protein band on a gel stained with colloidal Coomassie blue
(Fig. 2).
To confirm the homogeneity and determine the molec-
ular weight of the purified enzyme, the final Phe-AP
preparation was applied to a Sephadex G-200 chromatog-
raphy and analysed by SDS-PAGE. The molecular weight
of the enzyme determined by SDS-PAGE was approxi-
mately 61 kDa (Fig. 3) and that of the native enzyme was
58.5 kDa, as estimated by gel filtration. The close corre-
spondence between the molecular weights determined
under native and denaturing conditions suggests that
Phe-AP is a monomer.
Characteristics of the enzyme
The final homogenous Phe-AP preparation was used for
biochemical characterisation of the enzyme. Substrate
specificity and Km values were determined with amino acid-
b-naphthylamides and amino acid-p-nitroanilides under
standard aminopeptidase activity assay conditions. Amongst
the substrates tested, the most preferred was that with Phe at
the N-terminus, although a high activity with Met-p-NA was
also observed (Table 2). However, the enzyme did hydrolyse
also substrates with N-terminal Tyr, Trp, and Leu residues,
albeit with a twofold lower efficiency. The highest Phe-AP
activity in the presence of Phe-b-NA was accompanied by
the lowest Km value for that substrate when compared with
that for other b-naphthylamides. Thus, we named the puri-
fied AP1 aminopeptidase phenylalanine aminopeptidase.
The activity against the other substrates used was minimal
and did not exceed 5% of the maximal activity.
The optimal pH for the catalytic action of Phe-AP was
7.5, as determined using both Britton–Robinson buffer (in
the pH range of 6.5–9.0) and Tris–HCl buffer (in the pH
range of 7–9.5; Fig. 4). A significant decrease in Phe-AP
activity was observed below pH 7 and above pH 8.
The enzyme was active in the tested temperature range
from 20 to 45C with maximal activity at 37C (Fig. 5). At
Table 1 Summary of the purification of Phe-AP (AP1) isolated from shoots of 3-week-old pea plants










Crude extract 244.3 1,655.53 0.147 100.0 1.0
30–60% (NH4)2SO4 189.7 429.78 0.441 77.6 3.0
DEAE-cellulose 54.0 14.07 3.837 22.1 26.1
Phenyl-sepharose HP 23.8 2.85 8.351 9.7 56.8
Protein-Pak Q 8HR 19.6 0.26 75.385 8.0 512.8

























































Fig. 1 Separation of
aminopeptidases from shoots of
pea plants on a Protein-Pak Q
8HR column. The bound
proteins were eluted in a linear
gradient of 0–0.25 M NaCl.
Protein content in the eluate was
monitored by UV absorbance at
280 nm. Aminopeptidase
activity in each fraction was
assayed with amino acid-b-
naphthylamides as described in
‘‘Materials and methods’’
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40C, the activity was lower than the maximum by 35%,
whilst total inactivation of the enzyme occurred at 60C.
Thermal stability of the purified enzyme was investigated
in the range of 0–60C, and the remaining Phe-AP activity
was determined after different pre-incubation times (0, 15,
30, 45 and 60 min; Fig. 6). The enzyme was most stable
at the range of 0–4C, as determined after 15 min of
pre-incubation, and showed a sharp activity decline when
the temperature was raised above 10C (data not shown).
Pre-incubating the enzyme for 15 min at 45C decreased
Phe-AP activity by almost 60%, whilst pre-incubation
at 40C and 33–37C decreased it by 35 and 10–15%,
respectively. After 60 min of pre-incubation at 45, 40, and
33-37C, the activity was lower by 95, 65, and 40–50%,
respectively.
The chelating agents EDTA and 1,10-phenanthroline
were found to be ineffective as inhibitors of Phe-AP
(Table 3). Interestingly, the enzyme activity was actually
slightly enhanced in the presence of these compounds. This
may be due to the removal of heavy metal ions by the
chelators; these ions may inhibit Phe-AP when present in
the reaction environment. Pepstatin A, an aspartic protease
inhibitor, was also proved to be ineffective as an inhibitor.




Fig. 2 Native PAGE analysis of the final enzyme preparation
obtained on a Protein-Pak Q 8HR column. a Activity band of AP2
(an aliquot of the combined 43–50 fractions), b activity band of Phe-
AP (AP1; an aliquot of the combined 33–38 fractions), c protein band
of the homogenous Phe-AP stained with colloidal Coomassie blue.









Fig. 3 Estimation of molecular weight of the purified Phe-AP (AP1)
by SDS-PAGE. a An aliquot of the final Phe-AP (AP1) preparation,
b molecular weight standards: phosphorylase b (97 kDa), albumin
(66 kDa), ovalbumin (45 kDa), trypsin inhibitor (21 kDa), and
lysozyme (14 kDa)
Table 2 Substrate specificity and kinetic parameters of Phe-AP
(AP1)
Substrate Relative activity (%) Km (M)
Phe-b-NA 100.0 7.5 9 10-5
Tyr-b-NA 54.6 1.0 9 10-4
Leu-b-NA 41.1 3.8 9 10-4










The hydrolysis of different amino acid-b-naphthylamides and amino
acid-p-nitroanilides was measured and compared with that of Phe-
b-NA or Phe-p-NA (taken as 100%)
Km values were calculated according to the Lineweaver and Burk
(1934) standard procedure


























Fig. 4 Effect of pH on activity of the purified Phe-AP (AP1). Enzyme
activity was determined with Phe-b-NA as substrate at the indicated pH,
and was reported as relative activity. The buffer systems were the
following: 50 mM Britton–Robinson buffer for the pH range of 6.5–9.0
and 50 mM Tris–HCl buffer for the pH range of 7.0–9.0
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the presence of PMSF (phenylmethylsulfonic fluoride), a
serine protease inhibitor. However, the most effective inhib-
itors were pHMB (p-hydroxymercuribenzoate) and E-64
[(trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane)],
which attack sulphydryl groups, and DFP (diisopropyl
fluorophosphate), a serine protease inhibitor. All three
inhibitors caused a total loss of Phe-AP activity at a
concentration of 0.1 mM.
Mass spectrometry analysis of the Phe-AP peptides
By exploiting the peptides obtained after digestion of
purified Phe-AP by trypsin and applying a mass spectro-
metric approach (LC–MS/MS) to analyse them, the simi-
larity to the amino acid sequences of proteins available in
database was sought. The highest degree of similarity
observed was that obtained with the amino acid sequence
of cytosolic aminopeptidase from Arabidopsis thaliana
(AtLAP1, GenBank accession no. NP_179997, which is
identical to that translated from the nucleotide sequence of
no. X63444; Fig. 7). This aminopeptidase, according to the
criteria proposed by Tu et al. (2003), belongs to the LAP-N
group of plant enzymes. The peptides derived from Phe-AP
cover 40.2% of the AtLAP1 sequence. Based on the crystal
structures of bovine and E. coli LAP, the residues of
multimeric LAP with proposed roles in catalysis and
coordinating zinc ions have been identified and appeared to
be conserved in animals, plants, and bacteria (Gu and
Walling 2002; Kim and Lipscomb 1994; Tu et al. 2003).
Four of the 5 zinc-binding residues (Lys 288, Asp 313, Asp
373, and Glu 375 in AtLAP1), one of the 2 residues
involved in catalysis (Arg 377 in AtLAP1), and 8 of the 28
residues characteristic of LAP-N polypeptides (Tu et al.
2003) were also observed in the sequences to which the
Phe-AP peptides were assigned (Fig. 7), although their
possible role in functioning of Phe-AP remains to be
clarified.
Discussion
In the present study, the isolation, biochemical character-
isation, and the putative partial amino acid sequence of
phenylalanine aminopeptidase from pea shoots is reported.
This enzyme belongs to the family of aminopeptidases that
preferentially hydrolyse the substrates with N-terminal
aromatic amino acids. Despite a number of publications
that confirm the existence of this group of enzymes, no one
has so far undertaken to define aromatic aminopeptidases
as a separate group (Elleman 1974; Kang et al. 1999;
Kolehmainen and Mikola 1971; Ogiwara et al. 2005;
Tishinov et al. 2009; Vodkin and Scandalios 1980; Waters
and Dalling 1984). Instead, based on their ability to
hydrolyse Leu-b-naphthylamide and Leu-p-nitroanilide
substrates, these enzymes are often categorised as leucine
























Fig. 5 Effect of temperature on activity of the purified Phe-AP
(AP1). Enzyme activity was determined at indicated temperatures





























Fig. 6 Thermal stability of the purified Phe-AP (AP1). Prior to the
activity assay, aliquots of the purified enzyme were incubated at the
indicated temperatures for 15, 30, 45, and 60 min. The residual AP
activity was determined with Phe-b-NA as substrate
Table 3 Effect of protease inhibitors on the purified Phe-AP (AP1)
activity













The enzyme was pre-incubated in 50 mM Tris–HCl buffer (pH 7.5)
containing different inhibitors for 60 min at room temperature; Phe-b-
NA was then added and the enzymatic reaction was performed at 37C
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Ogiwara et al. 2005). However, these hexameric enzymes
are very different in their structure, catalytic properties, and
inhibitor sensitivities from the monomeric thiol-dependent
aromatic plant aminopeptidases described here. Discussed
below are the similarities and differences within the aro-
matic aminopeptidase group and with respect to leucine
aminopeptidases, towards which the partial amino acid
sequence of Phe-AP purified from pea shoots displayed the
highest degree of similarity.
By applying an original four-step purification procedure
(Table 1), it was possible to obtain a Phe-AP enzymatic
preparation of a very high degree of purity. The Phe-AP
from pea shoots was purified to homogeneity 513-fold. It
needs to be emphasised that only in some studies was a
homogenous enzyme investigated (Elleman 1974; Tishinov
et al. 2009); in the majority of cases enzyme activity was
observed and characterised in crude, partially purified, or
considerably purified extracts (Collier and Murray 1977;
Kolehmainen and Mikola 1971; Ogiwara et al. 2005; Wynn
and Murray 1985). Unfortunately, due to the low stability
of the enzyme, each stage of purification caused a drop in
the total activity, and the final recovery was 8%. A similar
behaviour was observed in preparations of aromatic ami-
nopeptidases from barley seedlings, wheat leaves, grapes,
and pea seeds, where a considerable drop in the total
activity was accompanied by a final recovery of 1.5–13%
(Elleman 1974; Kang et al. 1999; Ogiwara et al. 2005;
Waters and Dalling 1984). Neither fractionation with ace-
tone nor acidification of the extract with acetic acid yielded
the desired results, whereas the treatment with ammonium
sulphate, as in the cases of Hordeum vulgare and Vitis
labruscana (Kang et al. 1999; Kolehmainen and Mikola
1971), allowed initial pre-purification of Phe-AP, accom-
panied by a twofold increase in the specific activity.
Purified phenylalanine aminopeptidase from pea was a
monomer of molecular weight approximately 60 kDa,
similar to the weight of aromatic aminopeptidases occur-
ring in other plants. For instance, the weight of AP1 from
Triticum aestivum was 57 kDa (Waters and Dalling 1984),
AP1 from Zea mays was 61.3 kDa (Vodkin and Scandalios
1980), AP1 of pea seeds was 58 kDa (Elleman 1974), and
aromatic aminopeptidase from Vintis vinitafera was
71 kDa (Kang et al. 1999). It ought to be noted that typical
leucine aminopeptidases are characterised by a hexameric
structure and weight over 250 kDa (Matsui et al. 2006).
Studies of the substrate specificity of Phe-AP purified
from pea shoots were carried out with different amino acid
derivatives of b-naphthylamide and of p-nitroanilide. The
results clearly indicate a similarly to other aromatic ami-
nopeptidases described in the literature (Kang et al. 1999;
Kolehmainen and Mikola 1971; Vodkin and Scandalios
1980; Waters and Dalling 1984; Wynn and Murray 1985;
Yamaoka et al. 1994); Phe-AP from pea shoots exhibits the
highest preference for substrates containing Phe at the
N-terminus and is characterised by a high specificity
against other aromatic amino acids (Tyr and Trp), as well
as the hydrophobic Leu and Met (Table 2). However, it
ought to be emphasised that the activity with Leu-b-NA or
Leu-p-NA was at least twice lower than that observed with
Phe-b-NA or Phe-p-NA, respectively (Kang et al. 1999;
Fig. 7 Alignment of the
peptides derived from pea Phe-
AP (AP1) with the deduced




X63444). Sequences of the
peptides derived from Phe-AP
were determined by mass
spectrometry. Asterisks denote
coordination sites for Zn2?, and
solid circles represent Lys and
Arg residues in the catalytic site
of Arabidopsis, bovine, and
tomato LAPs (assigned
according to Burley et al. 1990;
Bartling and Weiler 1992; Gu
and Walling 2002)
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Waters and Dalling 1984; Wynn and Murray 1985; Yam-
aoka et al. 1994). In this respect, aromatic aminopeptidases
clearly differ from leucine aminopeptidases. The A-type
LAPs show 100 times lower activity against substrates with
Phe at the N-terminus than against substrates with Leu at
the N-terminus (Bartling and Weiler 1992; Gu et al. 1999;
Herbers et al. 1994), whereas N-type LAPs are character-
ised by similar activities against substrates with Phe and
with Leu at the N-terminus (Tu et al. 2003). Among the
aromatic aminopeptidases only AP1 isolated from pea
seeds behaves similarly to LAPs-N, cleaving substrates
with N-terminal Phe and Leu in a similar manner (Elleman
1974). A characteristic feature of purified Phe-AP and of
the aromatic aminopeptidases described in the literature
was their very low or undetectable activity against sub-
strates with Ala, Gly, Arg, Lys, Glu, or Asp at the N-ter-
minus (Kolehmainen and Mikola 1971; Liu and Jagendorf
1986; Scandalios and Espiritu 1969; Wynn and Murray
1985; Yamaoka et al. 1994). The slight preference for
substrates with N-terminal Arg is another feature indicating
the disparate natures of aromatic aminopeptidases and
leucine aminopeptidases (Bartling and Weiler 1992; Tu
et al. 2003). The claim that the enzyme in question is
phenylalanine aminopeptidase is supported by its low Km
value for Phe-b-NA of 7.5 9 10-5 M (Table 2). The
lowest Km values for Phe-b-NA amongst the substrates
tested were also obtained for wheat (2 9 10-4 M) (Waters
and Dalling 1984) and barley (3.1 9 10-5 M) (Koleh-
mainen and Mikola 1971) aromatic aminopeptidases.
The optimum pH for enzyme activity was 7.5 (Fig. 4).
This result is similar to the value obtained for aromatic
aminopeptidase isolated from grapes (pH 7.0; Kang et al.
1999), from wheat (pH 7.6; Waters and Dalling 1984), and
from barley (pH 7.2; Kolehmainen and Mikola 1971). In
comparison, leucine aminopeptidases (LAP-A and LAP-N)
exhibit the highest activity at alkaline pH (pH 8.0–11.0;
Matsui et al. 2006).
The optimum temperature for the activity of Phe-AP
from pea shoots was determined to be 37C, and consid-
erable sensitivity of the purified enzyme to temperature
corresponded to data from the literature regarding this
group of enzymes (Ogiwara et al. 2005; Waters and Dalling
1984). Unlike aromatic aminopeptidases, leucine amino-
peptidases remain stable even at temperatures over 60C,
and their activities are characterised by an optimum tem-
perature of 60–70C (Matsui et al. 2006).
All the available literature data describing the effect of
specific peptidase inhibitors on activity of aromatic
aminopeptidases indicate that they are thiol-dependent
peptidases. This assumption is confirmed by the total or
considerable drop in activity in the presence of such
inhibitors as pCMB (p-chloromercuribenzoic acid) and
NEM (N-ethylmaleimide), and the heavy metal ions Cu2?
and Zn2? (Elleman 1974; Kang et al. 1999; Kolehmainen
and Mikola 1971; Tishinov et al. 2009; Waters and Dalling
1984). The majority of aromatic aminopeptidases are par-
tially suppressed in the presence of serine peptidase
inhibitors, such as PMSF and/or DFP, which suggests the
participation of the hydroxyl groups in catalysis or in the
maintenance of protein stability (Kang et al. 1999; Ogiwara
et al. 2005; Tishinov et al. 2009). The impact of the applied
diagnostic inhibitors of serine and thiol-dependent prote-
ases on Phe-AP from pea shoots confirms that it belongs to
the group of aromatic aminopeptidases; however, the effect
of the factors that modify the hydroxyl groups is much
stronger in comparison to other enzymes from this group.
In contrast, AP1 from pea seeds was not suppressed in the
presence of serine peptidase inhibitors (Elleman 1974). The
metallopeptidase inhibitors EDTA and 1,10-phenanthroline
were found to be ineffective at reducing the activity of Phe-
AP and aromatic aminopeptidases isolated from wheat
leaves, grapes, sunflower seeds, and cotyledons of cowpea
(Kang et al. 1999; Tishinov et al. 2009; Waters and Dalling
1984; Wynn and Murray 1985). This disproves the idea
that aromatic aminopeptidases belong to the group of leu-
cine aminopeptidases, which are classified as belonging to
the M17 metallopeptidase family (Matsui et al. 2006;
Walling and Gu 1996). However, amongst aminopepti-
dases that prefer substrates with N-terminal Phe there was
one exception to this pattern. This was the AP3 amino-
peptidase isolated from the stroma of pea chloroplasts,
which was entirely inhibited in the presence of 2 mM 1,10-
phenanthroline, suggesting that it is a metalloproteinase
(Liu and Jagendorf 1986).
The databases contain no sequences (nucleotide or
amino acid) for any enzyme from the group of the mono-
meric thiol-dependent plant aminopeptidases. Therefore, it
is not entirely surprising that the analysed in this study by
mass spectrometry Phe-AP peptides were assigned to
amino acid sequences of hexameric leucine aminopepti-
dases that are available in the databases. What is startling,
however, is the possible high degree of identity between
the aligned sequences. AtLAP1 is a leucine aminopeptidase
with a homohexameric structure, which belongs to the M17
metallopeptidase family (Bartling and Weiler 1992) and,
according to the criteria suggested by Tu et al. (2003),
possesses the amino acid signature characteristic of LAP-N
polypeptides. Like other plant LAP-N-like genes, AtLAP1
is constitutively expressed in all tissues investigated (Bar-
tling and Nosek 1994; Tu et al. 2003 and references
therein), and the presence of LAP-N-like proteins was
detected in all plant species tested (Chao et al. 2000). The
presence of activities characteristic of LAP-N and aromatic
aminopeptidases was detected both in monocotyledons and
dicotyledons and at almost every stage of ontogenesis
(Walling and Gu 1996). The prevalence of both of these
616 Acta Physiol Plant (2011) 33:609–617
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groups of enzymes suggests that they are important for
basic catabolism of peptides and proteins. However, only
the elucidation of the full sequences of monomeric
aminopeptidases will allow the identification of differences
in the nucleotide and amino acid sequences determining the
different structures and catalytic properties of those groups
of enzymes.
Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which
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